Abstract: Quantitative Accelerated Life Testing (QALT) is a solution for assessing the reliability of Micro Electro Mechanical Systems (MEMS). A procedure for QALT is shown in this paper and an attempt to assess the reliability level for a batch of MEMS accelerometers is reported. The testing plan is application-driven and contains combined tests: thermal (high temperature) and mechanical stress. Two variants of mechanical stress are used: vibration (at a fixed frequency) and tilting. Original equipment for testing at tilting and high temperature is used. Tilting is appropriate as application-driven stress, because the tilt movement is a natural environment for devices used for automotive and aerospace applications. Also, tilting is used by MEMS accelerometers for anti-theft systems. The test results demonstrated the excellent reliability of the studied devices, the failure rate in the "worst case" being smaller than 10 -7 h -1 .
Introduction
The Micro Electro Mechanical Systems (MEMS), with the new variant MOEMS (Micro Optical Electro Mechanical Systems), also known as microsystems, are relatively new devices, being developed at the end of 1970s, but not commercialized before the 1990s. Fabricated by Integrated Circuit (IC) compatible batch-processing techniques, they are integrating electrical, mechanical, optical, fluidic components. This mixture of components creates many new challenges about MEMS reliability:
• A microsystem (MEMS) contains, on a single chip, a sensor, an actuator (a mechanical component) and the electronics. The package should ensure the protection of the chip towards the environment (as for the "classical" microelectronic devices: transistors, ICs, etc.), but is also an interface between the sensor and an often harsh, demanding environment.
• The small dimensions of the mechanical elements of the actuator produce new failure mechanisms, not yet entirely studied, such as stiction, friction, wear, etc. As Bhushan reported in 2005: "Scaling effects in adhesion, friction, and wear have been measured and a comprehensive model for scale effects in friction and wear due to adhesion/deformation, and meniscus effects has been developed" [1] . Also, Ratzell emphasized in 2003 "Before microsystems can fulfil their promise, engineers have to understand that the macroscale rules don't necessarily apply" [2] .
• The interactions between the mechanical, electrical and material reliability must be taken into account and the third dimension (the depth) of the structure cannot be ignored, as it happened for microelectronic devices, where all the simulations are basically 2-dimensional ones.
• Being new devices, MEMS do not have standardised processes and a "history" allowing designing appropriate accelerated tests. The users of MEMS devices impose severe reliability requirements, comparable with those for ICs. Moreover, they are asking for a quantification of the reliability level, as shown by a recent document. In December 2003, the MEMS Industry Group -MIG (gathering more than 60 companies active in MEMS industry, such as: Honeywell, Intel, Texas Instruments, Samsung, Fairchild, etc.) issued their annual report -METRIC 2003, entitled "Focus on Reliability". This report, based on a survey for 91 companies, has as conclusion the idea that "demonstration of reliability is required by customers" [3] . Consequently, the next MIG annual report -METRIC 2004, called "MEMS Accelerated Lifetime Testing" [4] , was entirely focused on this subject.
If the subject "Reliability Assessment" is taken into account, there are two main types of accelerated tests: -Qualitative tests, which are not used for calculating a value for the reliability level, but for identifying design weaknesses and possible limits for all stress factors used for accelerating testing, i.e. the value at which new failure mechanisms arise (in spite of the fact that a maximum stress level is obtained, this is not a quantitative test from the reliability assessment point of view, because this maximum value has no significance against the reliability level); -Quantitative tests, used for quantifying reliability parameters, also named Quantitative Accelerated Life Testing -QALT. The value of a reliability parameter (e.g. failure rate or Mean Time Between Failures -MTBF) and / or the time & stress level dependence of this parameter are obtained. QALT is a difficult task, especially for devices having low failure rates (the typical example is given by the ICs). In this case, long tests simulating the operational environment are needed in order to obtain significant results (enough failures for accurate statistical processing of data). The solution was developed for ICs and transistors: the usage of accelerated testing. This means to execute the reliability testing for the same type of stress as the operational one, but at higher stress level, in order to achieve time compression. But there is a limit for this stress level: one must have the same failure mechanisms at the high stress level and in normal operation. To be noted that this important condition of simulating the operational stresses is valid only for QALT, because the qualitative tests can use any type of stress and stress level, the only goal being to study the behaviour of the device in harsh environments with the aim to obtain the stress limits.
As a first conclusion, designing a QALT programme for any product is an application driven process, because one has to simulate the types of stress encountered in normal operation (which are different from one application to another), having previous information about the typical failure mechanisms and about the stress level producing new failure mechanisms. In principle, results of previous qualitative tests are used for designing QALT. Moreover, the programme must have a result (e.g. the failure rate of the batch of devices) in a relatively short time period, no longer than 1-2 months.
The accelerometers are among the "oldest" MEMS, but however, in the literature there are only a few attempts to assess their reliability (on the other hand, many qualitative tests were reported). Ron Denton [5] reported reliability results on MEMS accelerometers from field failure experience, the MTBF being around 2,000,000 hours (around 5.10 -7 h -1 for an exponential distribution of failures).
Another assessment of the failure rate for MEMS accelerometers was made by Keller and Maudie [6] , also for field failures, but without delivering a value for the reliability parameter. A more detailed study, executed on five types of MEMS accelerometers is reported in 2002 by Ghaffarian et al. [7] . They were able to discriminate between five device types, manufactured by different companies, and fulfilled a top of the reliability level, but only a qualitative one, without quantifications. In 2004, Andover reported a failure rate of 1.75 ppm for MEMS accelerometers manufactured by MEMSIC [8] . All these results show that MEMS accelerometers are high reliability devices, with low failure rate.
In this paper, we describe the results obtained by a QALT approach for a batch of MEMS accelerometers manufactured by ST Microelectronics. First the working method is presented, which is based on previous procedures developed by the authors for "classical" devices [9] , and adapted for MEMS. By describing the design of the testing programme, all the difficulties and risks of this operation are detailed. Furthermore, the results obtained for MEMS accelerometers are shown and commented.
Methodology and Experiment

Methodology for QALT and role of the reliability engineer
The necessary steps to be followed for executing QALT are:
• Collecting batch history (material, process & monitoring characteristics), but also field data extracted from the operational life of the device; • Designing and executing accelerated testing of items withdrawn randomly from the batch of devices (the significant acceleration factors must be chosen depending on the main application of the tested MEMS); • Statistical processing of data executed separately for each population affected by a failure mechanism: calculation of the activation energy and failure rate assessment for each failure mechanism (modelling vs. time & stress factors), the failure rate of the whole batch being obtained by summing the failure rates for each failure mechanism;
• Corrective actions for improving the reliability level of the subsequent batches (new design rules, processes, monitors, etc.);
• Prediction methods (new models) to be used in Design for Reliability methods.
The first step of this methodology is necessary to the reliability engineer in order to be able to propose eventually some corrective actions. Also, and even more important, the knowledge of the details about the manufacturing process is essential for the failure analysis, because the failure mechanisms depend strongly on process parameters.
In Table 1 , a synthesis about the possible position of the reliability engineer vs. the reliability of the product and the quantity of information a priori known by the reliability engineer is shown. The most desirable position for a reliability engineer is as member of the development or manufacturing team. There are two reasons for that: i) many failures during reliability tests (hence, good possibilities to study the failure mechanisms and to process statistically the data), and ii) significant a priori information about the device.
The most difficult position for a reliability engineer is to provide service for a product user: without a priori information about the history of the product and with a small possibility to get failures during reliability tests.
Design of the experiment
The work reported in this paper is an attempt to execute QALT in the most difficult case (see Table  1 ), i.e. simulating a service provided to a user of the product. The initial conditions of the experiment are:
-QALT executed for a "mature" and high reliability device (already manufactured for more than two years), produced by a well-known company;
-Only the information available to any user of the product is known: i.e. the data sheet of the product, including possible applications and also the device structure (obtained by decapsulating the device), but no information about the batch history and field data; -Information about the failure mechanisms and acceleration factors for this type of product, as obtained from literature, is available; -The reliability testing has to last for less than two months (a reasonable duration for an accelerated test). Taking into account all these conditions, the challenge was to obtain in a short time period estimation about the reliability level of the product, based on a few failures or no failures at all. In this situation, the "engineering knowledge plays a critical role" [10] .
After this presentation of the initial conditions of the experiment, the tested devices are described. The experiments were executed on a MEMS inertial sensor, sensing the movements on 3-Axis: the linear accelerometers LIS3L02AS4, with accelerations in two ranges (±2g and ±6g), manufactured by ST Microelectronics (well-known manufacturer of MEMS). The LIS3L02AS4 is a low-power three axes linear accelerometer, including a sensing element (a polysilicon movable membrane) and an IC interface (manufactured by a standard CMOS process) able to take the information from the sensing element and to provide an analog signal to the external world. The accelerometer has a user selectable full scale of ±2g, ±6g and measures accelerations over a bandwidth of 1.5 KHz for all axes. The device is available in plastic SMD (Surface Mounted Devices) package SO24 type and it is specified over an extended temperature range of -40°C to +85°C. This accelerometer can be used for: mobile terminals, gaming and Virtual Reality input devices, free-fall detection for data protection, robotics and antitheft systems and inertial navigation. The product is already in fabrication since 2003, with a robust design and high reliability.
The critical element for designing any QALT is choosing the accelerating factors, because the tests must simulate (at higher stress levels) the environment and electrical conditions of the main applications of the devices, i.e. application-driven tests are needed. Based on previous results obtained from qualitative testing for MEMS accelerometers [7, 11, 12] , the following stresses were considered the most appropriate:
• Mechanical stress, i.e.: shock, acceleration, vibration, tilting (used in anti-theft system, see before); we decided to use vibration and tilting, which are linked to the normal usage of the accelerometers; • Thermal stress: temperature, thermal cycling [7] , etc.; thermal cycling is not likely to occur during operational life, but high temperature is a common environment for many applications. M Mo or re eo ov ve er r, , i in n o or rd de er r t to o o ob bt ta ai in n a a m mo or re e s si ig gn ni if fi ic ca an nt t a ac cc ce el le er ra at ti io on n, , w we e c ch ho os se en n t to o u us se e c co om mb bi in ne ed d s st tr re es ss se es s, , m me ec ch ha an ni ic ca al l a an nd d t th he er rm ma al l s st tr re es ss s, , i in n t tw wo o v va ar ri ia an nt ts s: :
Vi ib br ra at ti io on n + + h hi ig gh h t te em mp pe er ra at tu ur re e ( (a al lr re ea ad dy y u us se ed d f fo or r a ac cc ce el le er ro om me et te er r t te es st ti in ng g [ [1 13 3] ]) ); ; • • T Ti il lt ti in ng g + + t te em mp pe er ra at tu ur re e & & e el le ec ct tr ri ic ca al l s si ig gn na al l ( (a a n ne ew w a ap pp pr ro oa ac ch h) ). . Testing at vibration and high temperature is accelerated in temperature, being executed at a fixed frequency of 1500 Hz (for QALT, it is difficult to process data from two acceleration factors) and amplitude of 6 g. Acceleration in frequency will be taken into account in a future experiment.
The highest temperature chosen for accelerated testing is 145 o C, well beyond the upper operational limit (+85°C), but closed to the value for High temperature life testing (+150°C), according to the data sheet. The company manufacturing the accelerometer uses this temperature for testing, and this means no new failure mechanisms are arisen up to +150°C.
Testing at tilting and high temperature & bias is a new variant of mechanical + thermal & electrical testing. Tilting was considered to be significant for an application-driven test, being the natural environment for the accelerometers used in automotive and aerospace applications. Also, tilting is used by MEMS accelerometers for anti-theft systems.
Experiment description
Testing at vibration and high temperature was executed by Centre Spatial de Liège -CSL (Université de Liège). The experimental set-up is shown in Figure 1 . A board containing 10 devices, fixed on the shaker interface plate, forms the experimental setup (Figure 1a ). Then, a heater ( Figure  1b ) was added on top of 9 devices (the 10 th device being the temperature reference, held at room temperature -Ch5, in Figure 1a) , with the temperature sensor taped on the bottom of the heater, and a top board is fixed to press the heater on the devices (Figure 1c ).
a) The board with the 10 devices is fixed on the shaker interface plate
b) The heater is added on top of the 9 tested devices c) The top board is fixed to press the heaters on the devices Figure 1 . Experimental set-up for testing at vibration and temperature.
Heater
The measurements of the accelerometers were performed electrically, according to the data sheet, and in situ, at the ambient temperature of the test.
Figure 2. Equipment for tilting at temperature.
Testing at tilting and high temperature & bias (electrical signal) was executed at National Institute for R&D in Microtechnologies (IMT-Bucharest) on original home made equipment ( Figure  2 ). By superposing high temperature & bias, a combined accelerated stress was obtained.
Two variants of tilting movement were used for testing: the axial type (the items are positioned on the axis of the equipment, simulating a device working in cars, trains or airplanes) and the wing type (the items are positioned at a certain distance from the axis, simulating a device placed on the wing of an airplane). In the second case, the movement of the tested device is more complex then the axial tilt. Both types are shown in Figure 3 . The electrical characterisation was executed initially, and at some moments (168h, 336h, 772h and 1000h) during testing, on devices removed from the tests. Devices on high temperature stress where cooled to 55 °C or lower before removing the bias. All specified electrical measurements were completed prior to any reheating of the devices. The measured electrical parameters are indicated at Section 2.4.
The test plan was designed for 36 MEMS accelerometers LIS3L02AS4, as follows (Table 2) : The test duration was chosen in order to fulfil the initial constraint of having an estimation of the reliability level after no longer than 2 months. To be noted that the two tests at vibration + temperature were performed one after another (the temperature for the second test being chosen based on the results of the first test), and the three tests at tilting + temperature were executed simultaneously.
Electrical characterisation
The electrical parameters measured during testing are presented in Table 3. • Zero-g level (V off ) was selected because it describes the actual output signal in steady state, if there is no acceleration. Also it is a factory-calibrated parameter.
• Self test Output Voltage Change (V t ) is the result of an implemented function, simulating an input acceleration, and allowing testing the mechanical and electric part of the sensor. The seismic mass is moved by means of an electrostatic test-force. The Self Test function is off when the ST (Self Test) pin is connected to GND (ground, 0 V supply). If the ST pin is connected to V dd (Power supply), a definite input acceleration is simulated, and the outputs will exhibit a voltage change of the DC levels, related to the selected full scale and depending on the supply voltage trough the device sensitivity.
• The supply current (I dd ) describes the good electric functionality of the entire circuit; any disturbance related to this parameter has a correspondent in a malfunction of the circuit. Supplementary to the above parameters, at the initial stage, the parameters mentioned in Table 4 where measured. All the parameters are specified at the following conditions: V dd =3.3V, T=25°C, unless otherwise noted. This is a group of parameters tested prior to accelerated tests to verify the functionality of the accelerometers through its principal mechanical characteristics: Table 4 . Additional electrical parameters for initial measurements.
• Acceleration Range (A r ) verifies the electrical selection of the full-scale acceleration range (Logic 0: 2g Full-scale; Logic 1: 6g Full-scale).
• Sensitivity (S o ) describes the gain of the sensor and can be determined by applying 1g acceleration to it.
• Non Linearity (NL) describes the best-fit straight line for full scale = 2g on each axis. This parameter is guaranteed by design.
• Cross-Axis represents the contribution to the measuring output of an inclination/acceleration along any perpendicular axis.
Results and Discussion
Results obtained by accelerated testing
a) Testing at vibration and temperature. First, testing at 85 o C was executed (S1 in Table 2 ), in the following conditions: frequency -1500 Hz, amplitude -6g. No visible degradation in the performance of the accelerometers during the test was obtained. Consequently, testing for S2 was executed at very high ambient temperature, i.e. 145 o C. However, up to 200 hours no failures were obtained. Only very small performance degradation was noticed after around 100 hours of testing (see Figure 4) . To be noted the small standard deviation of the whole batch of accelerometers: only one device shows slightly different values. b) Testing at tilting and temperature & bias. The tests were executed in the conditions mentioned in Table 2 (samples S3-S5) with: mechanical stress applied by the described equipment (the frequency varied between 1 and 10 Hz, the tilting angle being ± 30°), thermal chambers (T max = 250 0 C) and power supplies (3.3V for the device under test and variable for mechanical stimulus). Up to 1000 hours, there was no failure and no visible degradation in the performance of the accelerometers during the test. However, this combined test (tilting + temperature & bias) was considered significant and desirable by the manufacturer of the accelerometers. This is because a combined test, with two or more stress factors is always more difficult for the device than each test applied separately, because the possible synergy of the stress factors could produce higher effects than each stress factor.
Estimation of the reliability level
The results of the tests have shown the good reliability of the tested device for both variants: i) vibration at constant frequency at high temperature, and ii) tilting at high temperature & electrical signal, respectively. In spite of the fact that no failures were obtained, an estimation of the reliability level can be done, based on the "worst case" approach. This means we considered one failure could arise immediately after the last moment of the test and this approach is applied for the test at the higher stress level. In this case, the hardest test is at vibration and 145 o C, for 200 hours. The slight parameter drift (see Figure 4 , the dark blue line), showing an incipient fatigue fracture of the moving part of the accelerometer, gives an indication about this after the first 100 hours. Hence, we have considered the "worst case" as follows: one device will fail after 201 hours at testing at vibration and 145 o C. We did not continue the test beyond the designed 200 hours in order to observe one of the initial conditions: obtaining an estimation of the reliability level in the shortest period of time. Due to the "worst case" method, estimation was obtained.
The most likely failure mechanism in this case [14] is the fatigue fracture of the moving part of the accelerometer due to mechanical vibration and temperature: the polysilicon structure of the moving part has a weak point which concentrates the stress and, if a crack appears, it propagates and reduces the lifetime of the device. Eventually, a failure by fracture takes place [15] . Also, this failure mechanism could be responsible for the slight drift of the electrical parameters after the first 100 hours. There are evidences that the fatigue fracture is accelerated by the high temperature, especially if humidity is present at the chip level, diffusing from outside through the plastic package [16] . The fatigue damage of a movable membrane is accumulated over mechanical fatigue cycles to failure, produced by vibration and enhanced by high temperature [17, 18] .
The model for temperature acceleration of the fatigue was presumed to be the Arrhenius law, which is used in most of the cases for describing the temperature acceleration of the failure mechanisms of semiconductor devices [9] . Currently, no values of the activation energies for accelerating MEMS tests are reported. However, for this failure mechanism, we have typical values between 0.8 and 1.0 eV [9] , obtained for CMOS technology, which was used for manufacturing the studied devices.
Based on these assumptions, we have calculated a "worst case" level of the failure rate, by using, for parameter estimation, a graphical method. The steps executed for estimating the failure rate in this case are described in the following: a) As stated before, the initial conditions ("worst case") are: 9 devices were tested at 145 o C and vibration, and one failure was obtained after 201 hours (the failure percentage being 11.1%). b) Based on previous experiments on CMOS devices affected by fatigue fracture, a lognormal distribution of the failures was considered, with values of the standard deviation σ = 1.2 … 2 [9] ). In the following, first, the calculus will be done for σ = 1.2, then the possible implications of the increase towards σ = 2 will be discussed. c) On the lognormal probabilistic paper (Figure 5 ), the standard deviation is proportional with the slope of the line drawn between the point (96%,100h) and the standard deviation value on the scale marked in blue. Hence, the model describing Median time vs. Failure percentage must have the same slope with this blue line. Consequently, for obtaining this model, the point (11.1%;201h) is represented and a straight line, parallel with the standard deviation line (the blue line) is drawn. The intersect of this straight line with the 50% line gives the time moment for the failure of 50% of the sample S2 (see Table 2 ), i.e. the median time of this distribution, which is 1000 h (see red arrow). d) First, the calculus is executed for the activation energy of 1 eV, and then the modifications induced by a smaller value of the activation energy (0.8 eV) will be discussed. On the Arrhenius plot (Figure 6 ), the line corresponding to the activation energy of 1eV (green line) is drawn by the point A and the corresponding value on the scale with activation energy. A line parallel with this one (having the same slope), drawn by the point calculated at the previous step (1000h;145 o C), describes the acceleration induced by the temperature to the failure mechanism. The intersect of this line with the ordinate of 25 o C defines in the abscissa the median time for the distribution of failure rates at room temperature (25 o C) of the batch affected by this failure mechanism, which is 2 x 10 7 h (see red line).
e) As a conclusion, the failure rate vs. time for the whole batch is described by a lognormal distribution with t m = 2 x 10 7 h and σ = 1.2. The time variation of the failure rate was calculated [9] and a maximum value of 3.5 x 10 -8 , at 1.5 x 10 7 hours was obtained.
f) As mentioned before, the procedure described by the above steps (a…e) was repeated for different values of σ and E A , in order to find out how much the estimation depends on the chosen values. The results are shown in Table 5 . The most likely case is the variant 1. Consequently, we may say the maximum value of the failure rate (in the "worst case") this batch of accelerometers is 3.5.10 -8 h -1 . The four variants shown in Table   5 , depending on the values of the standard deviation for the lognormal distribution and on the temperature activation energy) furnished values of the failure rate which are (with one exception) below 10 -7 h -1 .
We must emphasize again: this are NOT the real values of the failure rate, but a rough assessment of the worst case, showing a very good reliability of the studied devices. However, this estimation represents an important result, being one of the few reports about the reliability level of MEMS accelerometers. In fact, the obtained value is closed to previous reports (see Section 1) .
Conclusions
We have built a programme of Quantitative Accelerated Life Testing (QALT) for MEMS accelerometers, designed to obtain significant results in maximum two months.
In parallel with the "classical" test for calculating the failure rate of MEMS accelerometers (vibration at high temperature, 200 hours, executed by CSL), an original combined stress test, simulating the normal operation in automotive and aerospace applications (tilting at high temperature and electrical signal, 1000 hours), was conceived and executed by IMT.
No failures were obtained during tests. However, based on a "worst case" approach, an estimation of the failure rate was made for this batch of devices, showing values below 10 -7 h -1 .
